Surface texturing has been frequently used for tribological purposes in the last three decades due to its great potential to reduce friction and wear. Although biological systems advocate the use of hierarchical, multi-scale surface textures, most of the published experimental and numerical works have mainly addressed effects induced by single-scale surface textures. Therefore, it can be assumed that the potential of multi-scale surface texturing to further optimize friction and wear is underexplored. The aim of this review article is to shed some light on the current knowledge in the field of multi-scale surface textures applied to tribological systems from an experimental and numerical point of view. Initially, fabrication techniques with their respective advantages and disadvantages regarding the ability to create multi-scale surface textures are summarized. Afterwards, the existing state-of-the-art regarding experimental work performed to explore the potential, as well as the underlying effects of multi-scale textures under dry and lubricated conditions, is presented. Subsequently, numerical approaches to predict the behavior of multi-scale surface texturing under lubricated conditions are elucidated. Finally, the existing knowledge and hypotheses about the underlying driven mechanisms responsible for the improved tribological performance of multi-scale textures are summarized, and future trends in this research direction are emphasized.
Introduction
As early as in ancient Egypt, tribology, which includes friction, wear, and lubrication, has been put to use to reduce frictional losses and mitigate interfacial damage between rubbing surfaces. During the construction of the pyramids, the Egyptians had already realized that the efforts involved in transporting heavy stones could be significantly reduced when putting rolling elements underneath the stones. Most probably, this can be considered as the first evidence that rolling friction is lower than pure sliding friction. Over the centuries, prominent researchers including Da Vinci, Newton, Amontons, Coulomb among many others have studied frictional phenomena under different aspects [1, 2] . During their investigations, they realized that friction is governed by the interplay of various mechanochemical phenomena taking place simultaneously on the contact interface. To shed more light on the involved processes, they initially tried to describe the frictional behavior of dry sliding contacts from a phenomenological point of view by establishing a mathematical relationship between Table 1 . General classification and examples for each type of texturing method [41] .
Type Methods

Mechanical
Microcutting, Microcoining Chemical Chemical etching, chemical vapor deposition (CVD) Physical
Physical vapor deposition (PVD), focused ion beam (FIB) texturing Thermal Laser interference texturing, electrical beam texturing
Having the generation of multi-scale surface textures in mind, they can be fabricated in a multi-step [44] [45] [46] [47] [48] [49] or single-step [50] [51] [52] process. Naturally, single-step processes are less time-consuming, easier to integrate into production lines, and therefore more efficient. Moreover, multi-step processes, which consist of different steps but using the same equipment to produce textures on different scales, are more practical and efficient than combining two or more different texturing techniques to produce multi-scale surfaces. It has to be pronounced that every surface inherently shows texture features on several scales. During laser surface texturing, for example, ablated particles can be redeposited on the surface, creating a random nano-roughness [53] . However, this review shall be limited to such techniques, which deliberately engineer multi-scale surfaces.
In the literature, several review papers can be found summarizing methods to create surface textures for tribological applications [40] [41] [42] . Hence, here only techniques with a special connection to multi-scale surface texturing will be presented.
Multi-Step Processes
Generally speaking, almost every two texturing techniques can be combined to create multi-scale surface textures. Thereby, upon combining different texturing techniques, three factors have to be considered in particular: (i) the complexity of the individual processes and, hence, the overall effort for the texturing approach, (ii) the sequence of the texturing steps [54] , and (iii) the respective size limitations of each method. Regarding tribologically effective surface textures, suitable texturing techniques are those which generate surface textures on significantly different scales. According to Hsu et al., wide and shallow textures improve the tribological behavior under hydrodynamic lubrication, whereas narrow and deep textures can reduce friction under mixed or boundary lubrication [55] . In their multi-scale approach, they used a triboindenter to fabricate the textures individually by nano-scratching. As shown in Figure 1 , they manufactured a polished reference sample, single-scale textures, a mixture of different dimples as well as different overlapping dimples. Such mechanical texturing methods for which a specific pattern can be programmed and then machined (CNC machining) offer the advantage of very flexible texture arrangements. Nevertheless, such processes are rather slow, since every texture feature has to be created individually, which results in strong limitations regarding their industrial applicability [22] .
Similarly, laser surface texturing can be used to create multi-scale textures by ablating predefined surface areas, whereby each feature is created individually. Therefore, the laser beam is directed to the desired surface areas either by moving the sample via a translation stage or by scanning the beam over the sample surface with a galvanometric scanner [42, [56] [57] [58] . In between the spots where the textures are to be created, the laser beam can be blocked by a shutter system. The general texture shape and their morphology can be influenced by the laser parameters like laser fluence, wavelength, and pulse duration as well as the focusing system [59] [60] [61] [62] [63] . The technique for which the laser beam is merely focused and scanned over the sample surface is called direct laser writing (DLW). Using laser surface texturing and specifically DLW, Segu et al. created multi-scale textures on steel samples for tribological purposes [64] [65] [66] . Examples of these textures are depicted in Figure 2 . In this regard, it needs to be highlighted that again the advantage of this technique is the flexibility in terms of geometrical shapes, but it lacks speed, especially when creating very small texture features.
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Furthermore, different texturing methods can be combined to create multi-scale textures [47] [48] [49] 54, [69] [70] [71] [72] [73] [74] . Resendiz et al. used end milling with a single crystal diamond cutter and micro shot-blasting to produce multi-scale surface textures on aluminum [47] . The bigger circular dimples fabricated by machining had a diameter of 150 µm and a depth of 30 µm. The smaller textures created by shot blasting with 10 µm aluminum oxide particles are completely covering the underlying primary machined textures and can be found inside the dimples and on the non-textured portions between the dimples. Their depth is not given but the roughness increases by 88% to 0.33 µm compared to the flat surface. With a similar method using laser surface texturing and micro shot-blasting with 25 µm alumina particles, Kim et al. manufactured multi-scale surfaces on sapphire wafers [73] . Thereby, the micro-patterns created by the laser process had a depth of 100-300 µm and a diameter of 40-160 µm. In contrast, the shot blasted textures are with a surface roughness (Rq) of 450 nm much smaller, even though their exact dimensions are not given. Gachot et al. and later Grützmacher et al. combined micro-coining with laser surface texturing, specifically direct laser interference patterning (DLIP), to create multi-scale surfaces [48, 49, 54, 70, 72] . DLIP is a technique, which uses overlapping laser beams to modulate the laser intensity spatially by interference. By applying this technique, multiple texture features can be created on the surface in a single laser shot [62] . Micro-coining is a fast process, which allows for the generation of high-quality textures in the range of 20-200 µm at low cost, while DLIP is a fast and versatile technique especially suited to create smaller textures with feature sizes between 200 nm and 30 µm [54] . It is shown that the process sequence is important for this combination. Thereby, micro-coining should precede the laser process because the inverted process sequence may lead to the partial destruction of the laser textures especially in highly deformed areas, such as the flanks of the micro-coined textures [54] . If performed correctly, however, this approach can lead to pronounced multi-scale textures with a homogenous distribution of both texture types over the surface, as can be seen in Figure 3 .
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Lubricants 2019, 7, x FOR PEER REVIEW 7 of 42 electrodeposition step was used, which led to the deposition of spherical nickel droplets on the tips of the micro-textures as shown in Figure 4 [46] . Finally, an innovative method to create multi-scale surface textures is to combine two different laser processes, namely DLW and DLIP [76, 77] . Thereby, the bigger surface textures are created by DLW and the smaller textures by DLIP. This eliminates the disadvantage of low productivity for DLW when creating small textures and offers the advantage of creating both texture types with the same tool even though a two-step fabrication process is used. Thinking about the industrial application of such textures, this means that only one tool needs to be integrated into the production process leading to smaller costs and higher production speeds. Cardoso et al. used this technique to create multi-scale surface textures. They used a solid state laser having a pulse duration of 30 ns for the DLW process fabricating cross-like textures having a periodicity (distance from channel to channel) of 15-35 µm, a depth of 3-5 µm and a width of 15 µm. Subsequently, the smaller textures were fabricated with a DLIP system on top of the bigger DLW textures using an Nd:YVO4 laser with a pulse duration of 10 ps. The smaller textures showed a periodicity of 2.6 µm and a depth of roughly 1 µm [76] . Another laser process, which has been proposed to create multi-scale textures is the combination of DLW with the controlled generation of laser induced periodic surface structures (LIPSSs) [78] . Zhang et al. used this approach to fabricate multi-scale textures. The primary textures fabricated by DLW have a width of 40 µm and a depth of 50 µm, whereas the LIPSSs on top of these textures have a depth of merely 150 nm and a period of 550 nm [78] .
It is worth mentioning that several other techniques like self-assembly of nanostructures by thermal evaporation [17, 79] , nano-imprinting [80] or special etching techniques [67] can be utilized. However, these techniques are quite complicated and not well suited for industrial applications.
Single-Step Processes
Single-step processes to create multi-scale patterns are scarcely spread. However, some can be found in the literature [59, [81] [82] [83] . However, often these multi-scale patterns occur rather randomly. Qiu et al. used an electrochemical growth approach to fabricate multi-scale cobalt textures [82] . In their work, they demonstrated cobalt crystals with several levels of hierarchy having a flower-like morphology.
However, a single-step method to fabricate multi-scale samples in a controlled fashion is again the laser process. By making use of the formation of LIPSSs during laser processing with suitable laser parameters, bigger laser textures can be created by DLW, while simultaneously smaller LIPPS are formed [81] . Ahmmed and Kietzig used a femtosecond Ti:sapphire laser system with a wavelength of 800 nm and a pulse duration <85 fs to fabricate multi-scale textures on copper [81] . The laser inscribed primary pattern demonstrated a width of 14-80 µm and a depth of 60-130 µm whereas Finally, an innovative method to create multi-scale surface textures is to combine two different laser processes, namely DLW and DLIP [76, 77] . Thereby, the bigger surface textures are created by DLW and the smaller textures by DLIP. This eliminates the disadvantage of low productivity for DLW when creating small textures and offers the advantage of creating both texture types with the same tool even though a two-step fabrication process is used. Thinking about the industrial application of such textures, this means that only one tool needs to be integrated into the production process leading to smaller costs and higher production speeds. Cardoso et al. used this technique to create multi-scale surface textures. They used a solid state laser having a pulse duration of 30 ns for the DLW process fabricating cross-like textures having a periodicity (distance from channel to channel) of 15-35 µm, a depth of 3-5 µm and a width of 15 µm. Subsequently, the smaller textures were fabricated with a DLIP system on top of the bigger DLW textures using an Nd:YVO4 laser with a pulse duration of 10 ps. The smaller textures showed a periodicity of 2.6 µm and a depth of roughly 1 µm [76] . Another laser process, which has been proposed to create multi-scale textures is the combination of DLW with the controlled generation of laser induced periodic surface structures (LIPSSs) [78] . Zhang et al. used this approach to fabricate multi-scale textures. The primary textures fabricated by DLW have a width of 40 µm and a depth of 50 µm, whereas the LIPSSs on top of these textures have a depth of merely 150 nm and a period of 550 nm [78] .
Single-step processes to create multi-scale patterns are scarcely spread. However, some can be found in the literature [59, [81] [82] [83] . However, often these multi-scale patterns occur rather randomly. Qiu et al. used an electrochemical growth approach to fabricate multi-scale cobalt textures [82] . In their work, they demonstrated cobalt crystals with several levels of hierarchy having a flower-like morphology. However, a single-step method to fabricate multi-scale samples in a controlled fashion is again the laser process. By making use of the formation of LIPSSs during laser processing with suitable laser parameters, bigger laser textures can be created by DLW, while simultaneously smaller LIPPS are formed [81] . Ahmmed and Kietzig used a femtosecond Ti:sapphire laser system with a wavelength of 800 nm and a pulse duration <85 fs to fabricate multi-scale textures on copper [81] . The laser inscribed primary pattern demonstrated a width of 14-80 µm and a depth of 60-130 µm whereas the LIPSSs were on a scale of several hundred nanometers. Thereby, the primary textures can be controlled by the laser parameters (i.e., laser power, pulse duration, scanning speed, etc.), whereas the secondary LIPSSs textures can be controlled by the laser wavelength, the incidence angle, and the polarization of the laser beam [57] .
Effect of Multi-Scale Textures on Friction and Wear-Experimental Studies
A significant amount of research work has been conducted to replicate the multi-scale surface topographies of the Lotus leaf, the Rice leaf, shark skin, snakeskin, among others and test these surface with regard to their potential to optimize friction and wear under dry and lubricated conditions. Shafiei and Alpas fabricated bio-inspired multi-scale surface textures by mimicking biological surfaces such as the Lotus leaf and the snakeskin using replica film followed by the electrodeposition nanocrystalline nickel. For the replicated, multi-scale Lotus leaf sample, a 30% reduction of the maximum COF under dry sliding was observed compared to a flat surface. The authors attributed the observed effect to a reduction of the real contact area [45] . Following the same approach, Shafiei and Alpas fabricated multi-scale surfaces by replicating the Lotus leaf and combining it with a chemical surface treatment (PFPE) to achieve superhydrophobicity and low friction. Using this combined treatment, a maximum friction reduction of 60% under dry friction was shown, which was explained by the reduction of the real area of contact [46] . Similarly, Wang et al. fabricated bio-inspired superhydrophobic surface textures in nickel (Lotus-and Rice-leaf) by combining a replicating technique with nickel electroplating. Though this approach, multi-scale surface textures with protruding and depressing textures were realized. The final fabrication step was a chemical modification of the resulting surface textures, applying PFPE as a lubricant. Afterwards, they studied the tribological behavior of the fabricated surface textures with and without final PFPE surface treatment. The best performance with significantly reduced COFs over the entire sliding time was found for the multi-scale surface textures with subsequent PFPE treatment irrespective of the type of textures (protruding or depressing). Additionally, they verified that the wear resistance was improved when using a final chemical PFPE treatment. The observed results were traced back to the good lubrication abilities of PFPE films as well as the possibility to reduce the real area of contact and to trap wear particles in the surface textures [44] . Using a combination of nanocasting, electroplating, and physical vapor deposition, Wang et al. fabricated diamond-like carbon films with Lotus leaf-like textures thus aiming at generating hard and flexible coatings with superhydrophobicity and good tribological properties. The main drawback of this innovative idea is the number of steps necessary to fabricate these surfaces. The fabricated textures showed a pronounced reduction in the COF over time with PFPE lubrication (without any further oil), which was traced back to the possibility to store wear particles [84] . However, it remains questionable if this is really the only contributing aspect leading to the improved friction and wear performance. The research group of El Mansori has put considerable attention to the analysis and imitation of python skin [43, 85, 86] . In their tribological investigations under dry conditions, they impressively demonstrated that pythons naturally have tribologically optimized surface features, which would be worth to mimic by laser surface texturing. The main conclusion of these works is that reptile skin typically follows an aperiodic and asymmetric pattern, which is in contrast to the deterministic idea of surface texturing such as arranging dimples or other shapes in a regular matrix. It can be figured that by copying more ideas from nature, improved texture designs with superior friction and wear performance can be achieved [43, 87] . The research group led by Greiner conducted research towards a similar direction thus copying the surface texture of snakes and lizards to optimize the friction response under dry and lubricated conditions. They verified that these bio-inspired surface textures reduce the COF by about 40% under dry conditions, while a 3-fold friction reduction was observed in lubricated systems [88, 89] . Moreover, Greiner et al. observed a pronounced size effect when fabricating and testing multi-scale surface textures with variable diameter. Surface textures with the biggest diameter showed the lowest frictional results. The explanation of the obtained results is not straight-forward and requests more in-depth analysis of the underlying phenomena, which will be subject of ongoing research work [89] .
Wang et al. studied the tribological performance of textured SiC contacts under water lubrication. Initially, they verified a 2.5-fold increase in the critical load (for the transition from full-film to mixed lubrication) for single-scale textures with the lowest area density, a low depth, and an intermediate diameter [90] . In a follow-up paper, they used reactive ion etching to fabricate multi-scale textures having small and large dimples to optimize the texture effect of SiC-SiC pairings by increasing both the hydrodynamic pressure (big dimples) and the lubricant supply (small dimples). The multi-scale texture showed the best tribological performance under water lubrication with a 3.3-fold increase in the resulting load carrying capacity ( Figure 5 ). The authors attributed the positive effects induced by surface textures to an additional hydrodynamic pressure and lubricant reservoir effect. Additionally, surface textures helped to improve the running-in process, thus leading to a smoother surface with lower roughness values. In the case of the multi-scale surface, it was speculated that the finer textures improved the water supply, thus offering more water in the tribological contact zone, which is beneficial to induce tribochemical reactions between water and SiC [91] . A summary of the research conducted by Wang et al. on textured SiC surfaces can be found in [92] . Wang et al. studied the tribological performance of textured SiC contacts under water lubrication. Initially, they verified a 2.5-fold increase in the critical load (for the transition from fullfilm to mixed lubrication) for single-scale textures with the lowest area density, a low depth, and an intermediate diameter [90] . In a follow-up paper, they used reactive ion etching to fabricate multiscale textures having small and large dimples to optimize the texture effect of SiC-SiC pairings by increasing both the hydrodynamic pressure (big dimples) and the lubricant supply (small dimples). The multi-scale texture showed the best tribological performance under water lubrication with a 3.3fold increase in the resulting load carrying capacity ( Figure 5 ). The authors attributed the positive effects induced by surface textures to an additional hydrodynamic pressure and lubricant reservoir effect. Additionally, surface textures helped to improve the running-in process, thus leading to a smoother surface with lower roughness values. In the case of the multi-scale surface, it was speculated that the finer textures improved the water supply, thus offering more water in the tribological contact zone, which is beneficial to induce tribochemical reactions between water and SiC [91] . A summary of the research conducted by Wang et al. on textured SiC surfaces can be found in [92] . Segu et al. studied the effect of multi-shape textures combining circular, elliptical and triangular textures using a pin-on-disk set-up. The texture combination was fabricated by laser surface texturing using a nanosecond ND-YAG laser with a pulse duration of 200 ns. For all combinations, the structural depth was kept constant at 6.5 microns. Moreover, two area densities, namely 12 and 20%, were selected. The authors recorded Stribeck-like curves and compared the frictional behavior of the multi-shape surfaces with two reference surfaces (grinded and polished). All texture combinations showed beneficial frictional properties with a faster transition (i.e., at lower sliding speed) to low frictional values indicating hydrodynamic lubrication. In addition, they also proved the possibility to positively affect the friction and wear performance under dry sliding conditions using multi-shape textures. The textures showed a reduced averaged COF, which was traced back to the possibility to store wear debris in the textures thus removing it from the tribological contact. Furthermore, they also demonstrated beneficial frictional properties under lubricated conditions for longer sliding times. The beneficial effects of these multi-shape surfaces under lubricated conditions were explained by the increased possibility to build-up additional hydrodynamic pressure [66] . The contribution Segu et al. studied the effect of multi-shape textures combining circular, elliptical and triangular textures using a pin-on-disk set-up. The texture combination was fabricated by laser surface texturing using a nanosecond ND-YAG laser with a pulse duration of 200 ns. For all combinations, the structural depth was kept constant at 6.5 microns. Moreover, two area densities, namely 12 and 20%, were selected. The authors recorded Stribeck-like curves and compared the frictional behavior of the multi-shape surfaces with two reference surfaces (grinded and polished). All texture combinations showed beneficial frictional properties with a faster transition (i.e., at lower sliding speed) to low frictional values indicating hydrodynamic lubrication. In addition, they also proved the possibility to positively affect the friction and wear performance under dry sliding conditions using multi-shape textures. The textures showed a reduced averaged COF, which was traced back to the possibility to store wear debris in the textures thus removing it from the tribological contact. Furthermore, they also demonstrated beneficial frictional properties under lubricated conditions for longer sliding times. The beneficial effects of these multi-shape surfaces under lubricated conditions were explained by the increased possibility to build-up additional hydrodynamic pressure [66] . The contribution presented by Segu et al. gives interesting insights into the frictional behavior of multi-shape surfaces under dry and lubricated conditions but lacks on the presentation of carefully selected reference measurements. The data of the grinded and polished references are not sufficient to really justify the frictional efficiency of the multi-shape surfaces since the tribological results of single-shape textures (purely circular, elliptical, and triangular) have not been presented for comparison. Following the promising results of the combination of circular and elliptical multi-shape textures, Segu et al. fabricated multi-shape textures consisting of circular and elliptical textures having a depth between 3.5 and 7.5 microns as well as a density between 5 and 20%. With regard to the structural depth, they verified the best frictional behavior with the lowest COF for an intermediate depth of 5.5 microns. They explained this observation with the interplay between the oil film thickness, the structural depth of the textures and the potential pressure build-up. Although demonstrating interesting results, this study again lacks the presentation of suitable reference data as well as a deep elucidation of the obtained results [65] .
The research group of Hsu conducted also important research related to the effects and mechanisms of surface textures in tribological contacts. An initial study aimed at investigating different texture geometries under low load and high-speed conditions as well as under high load and low speed conditions. Related to the first conditions, elliptical textures oriented perpendicular to the sliding direction led to the best results with the greatest friction reduction under boundary and mixed lubrication. Different contributions such as reserve lubricant flow, cavitation, the storage of lubricant inside the textures as well as a squeeze effect must be taken into consideration and may act simultaneously. Under high load and low speed conditions, all surface textures induced detrimental effects with increased friction, which has been mainly traced back to undesired edge effects [93] . Following this systematic study on single-scale surface textures with the main conclusions that large/shallow textures reduce friction under full-film lubrication and small/deep textures are effective under mixed and boundary lubrication, Hsu et al. extended their texture design to multi-scale surface textures. The general idea was to combine small but deep textures with large but shallow textures to be efficient under different lubricated conditions. Hence, Hsu et al. created a mixture of textures on different scales but also followed design rules found in nature, which favor an overlapping of textures on different scales, as shown in Figure 1 in Section 2. For experiments performed under a low contact pressure, all textured samples irrespective of single-or multi-scale were efficient to reduce friction. Particularly, the multi-scale textures with overlapping features showed a maximum friction reduction of up to 80% ( Figure 6 ). Even under higher contact pressure, this multi-scale texture reduced friction by 70%, which is a significant advance in the design of surface textures for high contact pressure applications. Moreover, the multi-scale samples showed negligible wear features, which was traced to the transition from mixed to full-film lubrication even under higher contact pressures. Generally speaking, this study impressively demonstrated that by combining surface textures on different scales (each one optimized for a different lubrication regime) can bring an overall improvement of the frictional performance with a significant friction reduction across all lubrication regimes [55] . aimed at addressing the effect of additional finer cross-like laser textures thus answering the question whether this kind of texture pattern may improve the frictional behavior of single-scale samples and either compensate the negative effects of deep dimples or further improve beneficial samples. Interestingly, the overlapped laser textures downgraded the frictional behavior of the initially beneficial micro-coined sample with a depth of 50 microns. In contrast, the additional laser textures helped to significantly improve the frictional behavior of the sample with a depth of 95 microns. Another interesting aspect has been realized during the analysis of the resulting wear scars. For both multi-scale samples, the wear scars show a rather irregular behavior with deflections from its original, circular trajectory. For this to happen, the tribological counter-body (ball) needs to interact with the underlying surface textures, which reflects the potential pressure build-up induced by the textures. Grützmacher et al. interpreted the obtained results in the following way. The improved friction behavior of the multi-scale texture was traced back to potentially reduced cavitation. For deep structures, it is well known that cavitation is more likely to occur. Combining deeper, coarser textures with fine cross-like textures may, therefore, help to reduce cavitation thus improving the distribution of lubricant in the contact area. This may induce a larger oil film thickness, thus increasing the resulting load-bearing capacity and reducing friction [48] . Following this approach, Grützmacher et al. investigated the effect of single-and multi-scale surface textures applied on the shaft of journal bearings by recording Stribeck-like curves. In order to manufacture these textures, DLIP and roller-coining have been utilized. Though DLIP, finer cross-like textures with a periodicity of 6 microns and a depth of about 1 micron have been realized, while roller-coining aimed at fabricating coarser textures with depths of up to 45 microns. Compared to the polished reference shaft, all textured single-and multi-scale surfaces led to a significant improvement of the frictional performance. As can be seen in Figure 7 , under mixed lubrication, a reduction of friction by a factor of about 2-3 was observed, whereas, under hydrodynamic lubrication, a 4.6 fold decrease of the resulting COF was observed for the multi-scale texture combing the finer cross-like laser textures with the deeper micro-coined textures. The improved friction behavior of the aforementioned multi-scale texture was traced back to potentially reduced cavitation. Combining deeper, coarser textures with fine cross-like textures may help to reduce cavitation thus increasing the load bearing capacity as well as reducing the COF under hydrodynamic lubrication [72] . A comprehensive overview of the research efforts of Grützmacher et al. related to the effect of multi-scale surface textures in tribological contacts can be found in [71] . Inspired by the positive effects of multi-scale textures related to the running-in behavior and the transition between mixed and full-film hydrodynamic lubrication, Rosenkranz et al. studied the friction and wear performance of these textures under mixed lubrication. Following the beneficial effects observed for single-scale textures fabricated by DLIP [34] and micro-coining [94] , they combined cross-like DLIP textures (depth about 0.6 microns and periodicity about 6 microns) with hemispherical micro-coined textures inhibiting two different depths and periodicities. Using an additive-free PAO oil, Rosenkranz et al. investigated the temporal evolution of the COF over time with a special emphasis on the time when the COF suddenly increases, which has been defined as the maximum oil film lifetime. The largest effect in terms of extending the oil film lifetime has been found for the sample with the deepest and widest micro-coined textures combined with the cross-like laser texture ( Figure 8 ). The obtained results were attributed to an improvement of the lubricant's distribution and the additional pressure build-up due to the finer laser texture, while the coarser micro-coined texture tended to store produced wear particles thus removing them from the tribological contact zone [70] .
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Effect of Multi-Scale Textures on Friction and Wear-Numerical Approaches
The design of optimum surface textures devised to improve the tribological performance of contacting interfaces can be considerably improved by using numerical simulation tools. Using numerical approaches to simulate the frictional behavior of multi-scale textures, the interplay of several physical factors (i.e. thermal effects, complex rheology, asperity contacts, surface wettability and the intricate lubricant flow as well as percolation) acting simultaneously on different lengths scales in the tribological contact zone can be investigated to facilitate the design of effective multiscale textures. Complementary, numerical results can be useful to shed light on the underlying mechanisms responsible for the observed friction and wear reduction (e.g. micro-hydrodynamic bearing, inlet-suction, oil reservoir, and debris trapping effects), the improved sealing performance (e.g. lubricant channeling and percolation effects) and the finer contact temperature control induced by multi-scale textures. Therefore, optimum texture parameters (e.g. texture shape, size, depth, density) could be determined for specific applications and working conditions.
In this regard, three main modeling approaches, namely (i) computational fluid dynamics (CFD), (ii) Reynolds-type equation formulations based upon deterministic and averaging/homogenization methods, and (iii) numerical multi-scale techniques, are frequently used to simulate the tribological behavior of textured surfaces in different lubrication regimes. It is important to notice that not all modeling approaches presented in the following sections have already been applied specifically to the simulation of multi-scale textures. Nevertheless, most of the discussed methods and techniques can be extended to accomplish advanced analysis concerning the lubrication Zhang et al. used pulsed nano-second and femto-second lasers to fabricate micro-and nano-scale surface textures as well as a combination of both ending up in a multi-scale texture. After having fabricated the respective textures, all surfaces were covered by a TiAlN coating. While the general idea is promising, the tribological characterization of the fabricated samples is not sufficient to draw any significant conclusion. Additionally, the combination of texturing and coatings is further complicated by the use of MoS2 as a solid lubricant. As already outlined in Section 2, the combination of lasers having a different pulse duration is promising in the context of creating multi-scale textures, but simpler tribological experiments need to be conducted in order to explore the full potential of this approach [78] .
The design of optimum surface textures devised to improve the tribological performance of contacting interfaces can be considerably improved by using numerical simulation tools. Using numerical approaches to simulate the frictional behavior of multi-scale textures, the interplay of several physical factors (i.e., thermal effects, complex rheology, asperity contacts, surface wettability and the intricate lubricant flow as well as percolation) acting simultaneously on different lengths scales in the tribological contact zone can be investigated to facilitate the design of effective multi-scale textures. Complementary, numerical results can be useful to shed light on the underlying mechanisms responsible for the observed friction and wear reduction (e.g., micro-hydrodynamic bearing, inlet-suction, oil reservoir, and debris trapping effects), the improved sealing performance (e.g., lubricant channeling and percolation effects) and the finer contact temperature control induced by multi-scale textures. Therefore, optimum texture parameters (e.g., texture shape, size, depth, density) could be determined for specific applications and working conditions. In this regard, three main modeling approaches, namely (i) computational fluid dynamics (CFD), (ii) Reynolds-type equation formulations based upon deterministic and averaging/homogenization methods, and (iii) numerical multi-scale techniques, are frequently used to simulate the tribological behavior of textured surfaces in different lubrication regimes. It is important to notice that not all modeling approaches presented in the following sections have already been applied specifically to the simulation of multi-scale textures. Nevertheless, most of the discussed methods and techniques can be extended to accomplish advanced analysis concerning the lubrication performance of contact interfaces with multi-scale textures. Thus, this review also intends to pave the way for future developments of more sophisticated approaches to model multi-scale surface textures.
CFD Modeling
The first modeling approach makes use of CFD simulations based upon the full solution of the Navier-Stokes (N-S) equations. The main advantage of CFD is the possibility of considering advanced mathematical models and complex flow phenomena, such as inertia and thermal effects, turbulence, cavitation, fluid compressibility and rheology, wall slip, fluid-structure interaction, among others. The major drawback of CFD simulations resides in the huge, and often prohibitive, computational efforts necessary to simulate problems involving textured surfaces due to the inherent fine meshes needed to properly discretize local geometric features. Particularly considering multi-scale textures, several works investigated the influence of hierarchical structures of bio-inspired shark-skin surfaces on friction drag reduction under turbulent conditions. Choi et al. explored the behavior of the turbulent micro flow field on bio-inspired micro-grooved surfaces using direct numerical simulation (DNS) [95, 96] . The distribution of the micro flow field over the real shark-skin surface and its effect on the drag reduction were also analyzed through CFD simulations by Zhang et al. [97] and Luo et al. [98, 99] . Figure 10 shows the morphology of scales of shark-skin surfaces studied by Luo et al. [98, 99] , including a schematic diagram illustrating one of the factors responsible for the drag reduction ( Figure 10c ) and numerical results obtained from CFD simulations (Figure 10d ). The authors concluded that the drag-reduction mechanism of shark-skin is a combination of four factors: (i) a decrease of the wall viscous friction due to reduced turbulence next to the walls induced by the micro-groove tips, which stick out the viscous sub-layer, (ii) a decrease of the turbulence intensity near the wall due to the back-flowing phenomenon associated with the micro-droplets with opposite direction to the main flow (see Figure 10c ), (iii) a super-hydrophobic effect produced by the boundary slipping phenomenon on the fluid-solid interface, which significantly decreases the velocity gradient and the local viscous resistance on the surface, and (iv) the presence of a nano-chain of mucus covering the wall, which increases the thickness of the viscous sublayer thus producing the aforementioned slipping phenomenon.
More recently, Martin and Bhushan conducted large-scale CFD simulations to optimize shark-inspired riblet geometries and dimensions for low drags. In that work, it was highlighted that the underlying mechanism responsible for the drag reduction was also associated with vortices lifted away from the surface and hence formed over the riblets (see Figure 11a ) under turbulent flow conditions thus decreasing the overall shear stress. Furthermore, it has been identified that the optimum size of riblet design features for low-drag and anti-fouling surfaces can range from nano-to micro-scale depending on the size of the physical components for specific applications [100] . A numerical and experimental investigation of different marine drag reduction technologies based upon shark-skin inspired riblet surfaces was carried out by Fu et al. Illustrative examples of CFD analyses conducted by the authors for herringbone riblets are shown in Figure 11b . They demonstrated that triangular-shaped riblets presented a better trade-off between manufacturing and drag reduction [101] .
CFD simulations were also applied by Belhadjamor et al. to study the effect of texturing on the anti-fingerprint and self-cleaning performance. It was verified that multi-scale textures are capable to decrease the finger contact area and promote hydrophobicity thus reducing the surface affinity to skin oil [102] . An example of finite element simulation and contact angle and wettability analysis of a hierarchical textured surface for anti-fingerprint and self-cleaning applications is illustrated in Figure 12 . Regarding tribological applications, Brajdic-Mitidieri et al. used a CFD model with cavitation to analyze the lubricant flow behavior, load support and friction of linear, convergent pad bearings having a closed pocket. Depending on the bearing's convergence ratio and the pocket's location, the authors identified two different mechanisms responsible for friction reduction: (i) at moderate to high convergence ratios, the reduction of the shear stress is more pronounced than the pressure build-up within the pocket when the textures are suitably positioned in the high pressure region of the bearing, thus reducing the COF, and (ii) at low convergence ratios, the boost in hydrodynamic pressure within the pocket due to its convergent geometry generates higher load support (and lower friction) compared to the non-textured case [103] . A CFD-based thermo-hydrodynamic study was carried out by Vakilian et al. to explore the characteristics of Rayleigh step bearings under different steady conditions [104] .
Many other works have been published in the literature involving the use of CFD analysis with different model complexities to investigate the lubrication performance of single scale textured thrust and journal bearings. The reader is referred to [21] for a thorough review of recent works based on CFD analysis to investigate the lubrication performance of single scale textured bearings. Furthermore, despite the studies of [103, 104] were not directly associated with multi-scale textures, the methodologies adopted can be used as a reference for more advanced CFD analysis involving multi-scale textures.
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The second modeling approach is based upon the solution of the Reynolds equation derived from the thin fluid film lubrication theory. The advantage of this approach is the lower computational cost required to simulate textured contacts compared to full CFD methods. Furthermore, many modified versions of the Reynolds equation exist, in which specific physical aspects such as thermal effects, cavitation, turbulence, lubricant rheology, as well as the influence of surface roughness on the lubricant flow (important for mixed lubrication analysis) have been incorporated. Particularly, some methods commonly used to account for the influence of surface roughness on lubrication can be extended to predict the lubrication performance of multi-scale surface textures. In this sense, a brief explanation of the most important models used for mixed lubrication analysis shall be presented here. Special emphasis has been put on works in which such models have been applied to investigate the lubrication behavior of multi-scale surface textures. In this regard, two classes of methods based upon the Reynolds equation approach, namely deterministic and multi-scale, need to be distinguished. Each class is defined according to the way the components of the surface topography are considered for the mathematical representation of the fluid film gap geometry.
Full Deterministic Methods
In deterministic methods, full-scale representation of the surface topography, including both micro-and macro-scale features of the surface texture, alongside roughness, are considered in the definition of the lubricant film thickness and solution of the Reynolds equation. In the last few decades, quickly advancing computational power and the development of improved numerical techniques (e.g., multi-grid methods and parallel computing) permitted the effective digitalization of engineering surfaces, as well as the efficient solution of the coupled contact mechanics and lubrication problems. Therefore, increasing attention has been devoted to deterministic simulations. Early deterministic solutions of full-film EHL under limited rough contact were proposed for artificial topographies with simple irregularities, such as dimples and sinusoidal waviness [105] [106] [107] [108] [109] . Actual 2D roughness profiles were then employed by [110, 111] and later 3D measured topographies were considered by [112, 113] . More recently, Hu and Zhu [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] proposed a fully coupled mixed-TEHL model assuming a continuous lubricant film in the non-contacting regions as well as asperity contact wherever the local fluid film is sufficiently thin. In this model, the film thickness is computed from the deformed average gap, while the lubricant flow and asperity interactions are accounted for in a unified solution framework. Using this formulation, different types of multi-scale surface textures can be used as input data to deterministically simulate the entire transitions from full-film and mixed-TEHL as well as boundary lubrication under more severe conditions. However, since no averaging technique is considered in this formulation, it can only be applied to relatively small regions such as point contacts. The Hu and Zhu deterministic model was applied by [121, 126] to propose a virtual surface texturing simulation tool being able to provide comparative information and directions for innovative texture design and optimization, including the relationship between textured surfaces and mixed lubrication characteristics of non-conformal contacts. Figure 13 illustrates examples of different groove textures evaluated with the deterministic mixed-TEHL model proposed by Hu and Zhu. The full-scale mixed-TEHL model developed by Hu and Zhu was also coupled to different multi-scale surface texture decomposition models to investigate the influence of surface roughness [127] and groove texture patterns placed on cylinder surfaces of internal combustion engines [128, 129] on the COF.
Li and Chen proposed a deterministic mixed-lubrication model applied to the simulation of the piston ring cylinder liner contact of internal combustion engines. The model is based upon the calculation of the oil transport and the hydrodynamic pressure generation for the contact between a parallel and flat rigid plane sliding against a rough surface [131] [132] [133] [134] [135] . Similarly, Profito et al. presented a deterministic mixed-lubrication model based upon the simultaneous solution of the asperity contact and fluid flow problems at the roughness scale considering inter-asperity mass-conservative cavitation. The influence of the cylinder liner wear on the lubrication performance of a Twin Land Oil Control Ring (TLOCR) was analyzed using measured surface topographies of a honed cylinder liner prior to and after 100 h engine tests (see Figure 14a ). The results showed that under mixed lubrication, the worn liner surface yielded to an increase of the average hydrodynamic load capacity and a decrease of the asperity contact pressures compared to the unworn liner surface. As illustrated in Figure 14b ,c, this was traced back to the smoothing of the plateau regions caused by the wear-out of the highest asperities and the general decrease in the summits curvature, which contributed to facilitate the pressure-driven lubricant flow throughout the inter-grooves zones thus intensifying the role of the honing grooves in the hydrodynamic pressure generation [130] . Afterwards, Tomanik et al. applied the deterministic mixed-lubrication model proposed by Profito et al. to investigate the effect of waviness and roughness of two measured mirror-like coated bore topographies on the hydrodynamic and asperity pressure distributions. The simulation results revealed that most of the fluid pressure was generated by the honing grooves rather than by the localized pores on the coated bore surfaces [136] . Moreover, Biboulet et al. and Noutary et al. proposed multi-grid techniques to solve deterministic hydrodynamic lubrication models with non-mass-conservative cavitation for the piston ring cylinder liner contact with measured textured surfaces. It was shown that the groove depth and density are important factors determining the load carrying capacity, whereas the groove shape has only a minor influence [137] [138] [139] . A deterministic mixed lubrication model was also proposed by Minet et al. for mechanical seals applications. The model is based on the simultaneous solution of the Reynolds equation with mass-conservative cavitation and asperity contact considered through the Hertzian contact model. The results reproduced numerically the hydrodynamic load carrying capacity between nominally parallel surfaces promoted by the surface roughness, as well as the transition from mixed to full hydrodynamic lubrication regimes in face seals [140] .
Analytical Multi-Scale Methods
Despite the better accuracy of fully deterministic methods, the computational efforts required in these cases are often prohibitive in practical applications due to the fine meshes needed to properly capture the local features. This is especially true for multi-scale surface textures, for which very fine meshes would be necessary to discretize the lubrication domain to entirely represent the geometric details of all scales. Therefore, different analytical multi-scale methods, especially averaging and homogenization methods, have been proposed to avoid dense discretization grids. In these methods, the overall influence of the surface texture features, along with the roughness in mixed lubrication analysis, are represented in terms of averaging parameters (flow factors and homogenization factors) introduced in the governing equations (e.g., averaged Reynolds equation) defined over the entire macro-scale lubrication domain. Thus, only the overall macroscopic geometry of the contacting surfaces is effectively considered in this analysis. The overall calculation process of the flow factors used in the averaged Reynolds equation is schematically illustrated in Figure 15 . It is important to emphasize that most of the analytical multi-scale methods discussed in the following paragraphs have been initially proposed to model solely the effect of roughness on lubrication. Nevertheless, they can be extended to deal with the different length scales of multi-scale textures. For a deeper understanding of the principles and fundamentals of multi-scale modeling in science and engineering, the interested reader is referred to the comprehensive textbooks [141] [142] [143] [144] . Particularly with respect to tribology, the reader is refereed to [145] for an extensive review on modeling and simulation of various physical, chemical and mechanical phenomena across different scales. have been initially proposed to model solely the effect of roughness on lubrication. Nevertheless, they can be extended to deal with the different length scales of multi-scale textures. For a deeper understanding of the principles and fundamentals of multi-scale modeling in science and engineering, the interested reader is referred to the comprehensive textbooks [141] [142] [143] [144] . Particularly with respect to tribology, the reader is refereed to [145] for an extensive review on modeling and simulation of various physical, chemical and mechanical phenomena across different scales. The pressure flow-factor has significant impact on the calculation of the hydrodynamic pressure under mixed lubrication conditions. Similarly, the flow-factor curve on the right represents the variation of the shear flow-factor, which influences the shear stress (and thus friction force) calculations.
Averaging Flow Methods
The modeling of the effect of surface roughness patterns on lubrication was first reported by Tzeng and Saibel [146] for one-dimensional transversal roughness and followed by Christensen [147] [148] [149] and Chow and Cheng [150] for two-dimensional transverse and longitudinal topographies. All The pressure flow-factor has significant impact on the calculation of the hydrodynamic pressure under mixed lubrication conditions. Similarly, the flow-factor curve on the right represents the variation of the shear flow-factor, which influences the shear stress (and thus friction force) calculations.
The modeling of the effect of surface roughness patterns on lubrication was first reported by Tzeng and Saibel [146] for one-dimensional transversal roughness and followed by Christensen [147] [148] [149] and Chow and Cheng [150] for two-dimensional transverse and longitudinal topographies. All of these pioneering works have been established within the framework of the stochastic process theory, which is based upon the concept of viewing the film thickness as a stochastic process that results in a Reynolds-type equation for the mean or expected fluid pressure.
Patir and Cheng [151, 152] proposed an average flow model for general roughness patterns by incorporating "flow factors" coefficients directly in a modified Reynolds equation that is solved in the smooth global domain. The flow factors are determined independently by solving the local deterministic flow problem for a specified rough surface. Unlike the Christensen's methodology that particularly weights the film thickness oscillations according to an expectancy operator defined for a given roughness height distribution, the Patir and Cheng model is derived by "locally averaging the lubricant flows at the microscopic scale" for a representative rough bearing cell. This provides specific flow factors coefficients allowing for the consideration of the roughness (or other length scale components) induced flow perturbation effects directly on the global lubricated domain. The major drawback of this approach is a consequence of its heuristic derivation, which poses limitations on dealing with eventual crossflow produced in the case of surface roughness anisotropy. Such lack of generality was first highlighted by Elrod [153] and subsequently by different authors, including Tripp [154] , who proposed a more complete tensor form of the averaged Reynolds equation. In the latter, the effects of roughness anisotropy on lubrication are accounted for in the off-diagonal terms of the diffusion and convective flow tensors, in particular, when the off-diagonal terms are negligible, the Tripp model is essentially identical to the model proposed by Patir and Cheng.
The Patir and Cheng average flow model has proven to be effective to predict the mixed lubrication performance for a wide range of applications, such as thrust and journal bearings, piston and piston-ring cylinder bore systems, mechanical seals, rolling element bearings, gears, and cam-tappet contacts, etc. Regardless of the tribological application, an important aspect for the efficacious use of any average flow model refers to the proper calculation of the flow factor coefficients for a specified topography. Furthermore, the consideration of rough contact mechanics and micro-cavitation effects also significantly affect the accuracy of the flow factor coefficients. In many successful cases, deterministic simulations of representative bearing unit cells at different length scales have been carried out to estimate the flow factors, as reported in several publications involving surface textures [155, 156] , honing grooves [157, 158] and general roughness patterns [159] [160] [161] [162] .
A comparison between a deterministic hydrodynamic model and the stochastic solution based upon Patir and Cheng approach was undertaken by Dobrica et al. [163] for a partial journal bearing operating under mixed-EHL. The results underlined that the stochastic model correctly predicted the tendencies produced by the different roughness patterns in the fluid pressure distribution and average minimum film thickness, but underestimated the friction torques on both shaft and pad.
A multi-scale method based on the averaging flow concept was proposed by de Kraker et al. [155, 156] for surface textures under mixed lubrication including micro-cavitation. In their approach, the local (micro) flow effects for a single micro-scale texture unit cell were evaluated through CFD simulations, and the results were then averaged to flow factors to be used with an averaged Reynolds equation on the macro-scale bearing level. The flow factors are dependent on the ratio between film thickness and texture dimensions, surface velocities and pressure gradient over a texture cell. Additionally, the method presented has no restrictions to the texture dimensions and shape, so that it could be well extended to model multi-scale surface textures.
Homogenization Methods
The modeling of the fluid flow problem in mixed lubrication has been addressed by Bayada [164] [165] [166] [167] [168] , Jai and Bou-Saïd [169] [170] [171] and Buscaglia [172] [173] [174] within the framework of the homogenization theory for spatially periodic roughness. This approach is based upon the derivation of a homogenized Reynolds equation, defined at the macroscopic global scale, which captures the overall effects of the surface roughness on the lubricant flow. Besides posing the average flow model on a more rigorous mathematical base that overcomes the pure heuristic induction of the Patir and Cheng model, one additional feature of these techniques is the proper definition of the local (or auxiliary) problem, which has to be solved over a periodic unit cell to compute the average flow tensors [175] . Thus, similarly to the average flow models, the effects occurring at different length scales are incorporated in the homogenized (averaged) Reynolds equation from the solution of well-posed local problems.
A series of works have been published by Almqvist which contributed to the consolidation and widespread use of homogenization methods in lubrication applications [176] [177] [178] [179] [180] [181] . The homogenization method proposed by Almqvist has been used to investigate the effect of roughness and surface texture on the tribological performance of different machine elements, such as piston-ring cylinder liner contact and rotating devices [179, [182] [183] [184] [185] [186] [187] .
More recently, Rom and Muller [188] proposed a reduced basis method to accurately solve and speed-up the solution of the homogenized Reynolds equation in a finite element framework. This method replaces the computationally expensive solution of the full texture cell problems (micro-scale) with a reduced basis problem of much smaller dimension, which provides a significantly accelerated solution strategy. After the solution of the texture cell problem for a range of film thicknesses, the homogenized finite element matrix and vector are computed to assemble the homogenized problem. The effectiveness of the combined use of both the homogenization method and reduced basis technique is evaluated for textured journal bearings.
A novel homogenized approach was proposed by Scaraggi et al. [189, 190] to study the mixed lubrication behavior of steady sliding contacts of elastically soft solids. The coupled effects of asperity-asperity and asperity-fluid interactions have been considered through a mean field theory based upon a perturbation treatment. The results demonstrated how the asperity flattening induced by the fluid-asperity interactions, as well as the local percolation effects and roughness anisotropic deformation govern the fluid flow at the interface. It was also remarked that the lubrication regime is generally not uniform at the interface due to different local average separations. Furthermore, the potential occurrence of an apparent (elasto)-hydrodynamic regime for those lubrication conditions characterized by values of h/h rms ≤ 1 at the macroscopic level was discussed, for which the lubricant is expected to have a negligible influence on the frictional stresses. This effective transition from boundary to (elasto)-hydrodynamic regime for a given value of h/h rms occurs due to the increase of the defined sliding parameter Uη/(E * h rms ), which determines a transition from a constant boundary stress value to a power-law shear stress. It was further noticed that this transition disappears for very small values of h/h rms , when percolation takes place and the average fluid flow vanishes. Afterwards, Scaraggi [191] [192] [193] also presented a homogenized method based upon the application of the Bruggeman effective medium to the Reynolds equation to investigate the average effect of textured surfaces on the macroscopic hydrodynamic characteristics of the interface. The method allows for the assessment of generic texture shape, distribution and area density, and was applied to practical cases involving 1D and 2D thrust bearing geometries.
A heterogeneous multi-scale method has been proposed by Gao and Hewson [194] to analyze micro-EHL with small-scale topographical features. The small-scale problem was solved using full CFD simulations including local elastic deformations and coupled to the global scale via scattered data interpolation method. It has been demonstrated that the proposed multi-scale framework successfully modeled the global pressure and film thickness for a textured bearing while maintaining the small-scale modeling features. Later on, Gao et al. [195] extended this multi-scale framework by incorporating the micro-cavitation and local fluid shear thinning properties.
The homogenized Reynolds equation, which simultaneously considers surface roughness and turbulent flow effects, was proposed by Lahmar et al. [196] . A plain journal bearing with periodic isotropic roughness patterns operating under turbulent conditions was used as a case study. The homogenized results agreed well with results obtained from deterministic simulations, showing that the proposed homogenization approach is suitable to study problems with rough surfaces and turbulent conditions.
A promising computational engineering framework was developed by Waseem et al. [197, 198] to support the design process of optimized surface textures for hydrodynamic lubrication. The proposed framework makes use of a combination of a two-scale homogenization method and topology optimization schemes. Another important aspect of the developed multi-scale framework is the consideration of the temporal (squeeze-film effect) and spatial (wedge effect) variations in film thickness in the constitutive tensors, which characterize the homogenized response of the surface texture in terms of fluid pressure generation and load carrying capacity on the macroscopic scale. Although temporal and spatial variations in the film thickness are important for the generation of hydrodynamic pressure within the fluid at the interface, they are not always simultaneously considered in homogenization methods applied to lubrication problems.
More recently, Yildiran et al. [199] investigated the lubrication response of conventional textures (i.e., textures with well-defined, smooth geometries, such as dimples, squares, ellipsoidals, V-shapes, etc.) and representative modern re-entrant textures (i.e., textures with more complex geometries, such as trapezoidal and T-shaped features) based upon the homogenization scheme proposed by Bayada and Chambat [164] . After a comprehensive review of the literature on homogenization techniques applied to lubricated contacts and their limitations, the transition between three microscopic lubrication regimes has been demonstrated for conventional and re-entrant textures. In this work, the difference between Reynolds and Stokes roughness is also discussed. In all the above-mentioned references, except [199] , the local roughness slope is always assumed small (Reynolds roughness), so that the flow equations at the microscopic scale are well described by the Reynolds equation (i.e., the local inertia effects can be neglected without significant loss of accuracy). When larger local roughness slope is present (Stokes roughness), the local inertia effects need to be taken into account in the analysis, for instance, through the solution of Stokes equations.
Semi-Deterministic Methods
A semi-deterministic modeling strategy was adopted by several authors [30, [200] [201] [202] [203] [204] [205] [206] to study the combined effect of surface texture and roughness (multi-scale effects) under hydrodynamic and mixed lubrication conditions by solving the averaged Reynolds equation based on the Patir and Cheng model and mass-conservative cavitation. In these works, surface roughness effects (micro-scale) were treated through stochastic models (Patir and Cheng method for the lubricant flow and Greenwood-Williamson based models for asperity contact), while the surface textures (macro-scale) were considered deterministically through proper fine mesh discretization. Figure 16 summarizes the main aspects of different semi-deterministic models proposed in the literature to simulate rough textured surfaces.
Qiu and Khonsari [206] used a mass-conservative cavitation model to investigate the performance of textured dimples in seals and thrust bearings under mixed lubrication conditions. The authors verified the beneficial but minor effect of the surface roughness on the load carrying capacity of dimpled surfaces. It was also concluded that it exists an optimum dimple-to-diameter ratio and dimple density depending on the rotational speed for which the load carrying capacity is maximum. Moreover, it was verified that large dimple depths and increased roughness contribute towards higher seal leakage and that the friction force is decreased due to cavitation over the dimples. Similarly, Brunetière and Tournerie [207] showed that for smooth dimpled surfaces applied to mechanical seals, it is not possible to generate sufficient force to separate the surfaces, whereas a rough dimpled surface can significantly reduce friction.
The semi-deterministic model proposed by Profito et al. [30, 203] was validated using experimental results obtained from a reciprocating test with groove surface texture. The same model was used to explain the mechanisms associated with the transient effects induced by moving textures and their influence on the frictional response and film thickness variation in different lubrication regimes. Particularly, with respect to the boundary and mixed lubrication, it was shown that the interplay between inlet suction, asperity contact, cavitation, and fluid squeeze out all contribute to the frictional response and their relative contribution may differ depending on the operating regime. Furthermore, it was also discussed that under certain working conditions in mixed lubrication, as the textures move through the interface, the net effect of inlet suction and the subsequent fluid pressure boosting promoted by the fluid squeeze out tend to increase the film thickness and hence decrease the overall friction. local inertia effects can be neglected without significant loss of accuracy). When larger local roughness slope is present (Stokes roughness), the local inertia effects need to be taken into account in the analysis, for instance, through the solution of Stokes equations. Figure 16 . Examples of semi-deterministic models applied to simulate rough textured surfaces. In this modeling strategy, surface textures are considered deterministically, while surface roughness effects are taken into account through averaging (or homogenization) methods for lubricant flow and stochastic models for asperity contact. (a) Schematic of the rough contact interface with groove texture used by Profito et al. [30] to investigate the influence of the transient effects induced by moving textures on the frictional response and film thickness in different lubrication regimes. (b) Different scales of rough textured surfaces considered by Gu et al. [200] to study mixed lubrication problems in the presence of textures.
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Numerical Multi-Scale Modeling
Finally, the third modeling approach which can be used to model multi-scale surface textures is based upon numerical multi-scale methods. It is important to emphasize that multi-scale modeling is not just about developing analytical models that use explicitly multi-physics coupling based upon the multi-scale expansion of the governing equations, it is also about developing numerical discretization schemes and algorithms. Numerical multi-scale methods can be divided into two main classes [143] . The first class are algorithms conceived to efficiently solve the details of the problem, including the small-scale behavior. Examples of these methods applied to solve tribological problems are the multi-grid [208] [209] [210] [211] [212] [213] and adaptive mesh refinements [214] [215] [216] [217] [218] methods. In fact, these are linear scaling algorithms, which implies that their computational complexity scales linearly with the number of degrees of freedom necessary to represent the detailed micro-scale solution. The second class is denoted domain decomposition, which provides a platform on which multi-scale methods can be constructed. In this case, the computational domain is divided into sub-domains and a simulation strategy is adopted based upon solving the given problem on each sub-domain, thus making sure that the solutions on different sub-domains match [143] . An important subclass of numerical multi-scale methods are numerical discretization schemes (e.g., finite element, finite volume or finite difference methods), which modify the finite discretization space to consider explicitly the micro-scale features of the problem. In other words, the finite discretization space is adapted by including functions with the proper micro-scale characteristics or by creating multi-scale basis functions that relate the micro-to macro-scale simulations [219] [220] [221] [222] [223] . A more in-depth understanding of numerical multi-scale methods for micro-meso-macroscopic scales coupling can be found in [143, 144, 224, 225] .
The use of multi-scale domain decomposition methods and multi-scale numerical discretization schemes to solve lubrication-related problems is not widely explored in the literature and has received attention only recently. However, especially due to the inherent sub-domain strategy of these methods, they are convenient and potentially powerful to deal with multi-scale surface textures. For instance, Pei et al. [226] developed a new finite cell method for modeling surface textures in hydrodynamic lubrication. This technique uses a matrix transformation reduction strategy in which the computational domain is divided into a fine-scale domain with texture cells and a coarser-scale domain without texture cells, as can be seen in Figure 17 . The proposed methodology was compared with several test cases involving FEM, CFD, and existing theoretical and experimental data, thus demonstrating that both computing time and storage were significantly reduced. Afterwards, the same authors extended their multi-scale method to lubrication problems with rough surfaces considering parallel computation to speed-up the overall numerical solution. The results showed that the method can be used to predict the average mixed lubrication effects on the global scale (coarser mesh) from deterministic calculations in the small-scale, and to accurately recover the deterministic small-scale effects from the global scale results [227] . The same multi-scale methodology was then applied to investigate the influence of surface texture on the lubrication performance of floating ring bearings including thermal effects. Nine different texture patterns were analyzed, and the results verified that textures significantly increased the side leakage and reduced the temperature rise [228] .
A multi-scale approach combining a micro-deterministic mixed lubrication model for small-scales and a macro-scale model was proposed by Nyemeck et al. [229, 230] to predict the hydrodynamic load carrying capacity with nominally parallel surfaces. In this model, the mass flow conservation is ensured at the boundaries of micro-cells through the calculation of pressure variations at the macro-cell boundaries obtained from a micro-deterministic model with mass-conservative cavitation and asperity contact.
The classical homogenization approach applied to model mixed lubrication was extended by Pérez-Ràfols et al. [231] to study small flows by coupling two scales with a stochastic element. The proposed stochastic element is established using a two-scale formulation based upon the framework of the heterogeneous multi-scale method.
Two important advantages of this model is that (i) the periodic repetition of the topography is not assumed as in conventional homogenization methods, which allows using much smaller micro-scale domains, and (ii) the prediction of more realistic flow patterns compared with conventional homogenization models for similar small-scale domain size is possible. The multi-scale framework proposed by Gao and Hewson [194] was extended by de Boer et al. [232] to 3D micro-scale simulations and more accurate lubricant behavior. Particularly, a two-scale method using a heterogeneous multi-scale approach to study the EHL and micro-EHL effects in tilted-pad bearings were developed. The micro-scale problem was solved by CFD simulations including surface elastic deformation, and a method for the homogenization of the micro-scale results was proposed and coupled to the macro-scale via pressure gradient-mass flow rate relationship. verified that textures significantly increased the side leakage and reduced the temperature rise [228] .
A multi-scale approach combining a micro-deterministic mixed lubrication model for smallscales and a macro-scale model was proposed by Nyemeck et al. [229, 230] to predict the hydrodynamic load carrying capacity with nominally parallel surfaces. In this model, the mass flow conservation is ensured at the boundaries of micro-cells through the calculation of pressure variations at the macro-cell boundaries obtained from a micro-deterministic model with mass-conservative cavitation and asperity contact.
The classical homogenization approach applied to model mixed lubrication was extended by Pérez-Ràfols et al. [231] to study small flows by coupling two scales with a stochastic element. The proposed stochastic element is established using a two-scale formulation based upon the framework of the heterogeneous multi-scale method. Two important advantages of this model is that (i) the periodic repetition of the topography is not assumed as in conventional homogenization methods, which allows using much smaller microscale domains, and (ii) the prediction of more realistic flow patterns compared with conventional homogenization models for similar small-scale domain size is possible. The multi-scale framework proposed by Gao and Hewson [194] was extended by de Boer et al. [232] to 3D micro-scale simulations and more accurate lubricant behavior. Particularly, a two-scale method using a heterogeneous multi-scale approach to study the EHL and micro-EHL effects in tilted-pad bearings were developed. The micro-scale problem was solved by CFD simulations including surface elastic More recently, Brunetière and Francisco [233] presented a multi-scale finite element method applied to the simulation of hydrodynamic lubrication of large rough contact surface. As illustrated in Figure 18a ,b, the method is based on dividing the computational domain (macro-scale) into sub-domains (micro-scale) connected by a coarser mesh. The pressure distribution at the macro-scale is used as boundary conditions for the micro-scale problem, and then these boundary pressures are adjusted to guarantee the global mass flow conservation between contiguous sub-domains. A comparison between full deterministic and top-scale results with different values is shown in Figure 18c .
Finally, Costagliola et al. [234] [235] [236] [237] proposed a spring-block modeling approach to investigate the fundamental mechanisms of dry friction between textured surfaces and how multi-scale surface textures influence static and dynamic friction. The model was used to show how the intricate surface geometry and local material properties on different length scales strongly affect the macroscopic friction force. Furthermore, it was also demonstrated how global friction properties can be tuned and optimized by designing composite surfaces with varying roughness features or local stiffness values.
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Summary and Future Trends
This section summarizes the current knowledge and presents future tends regarding multi-scale surface textures applied to tribological problems. Even though several experimental and numerical works have tried to address the effects of multi-scale textures on friction and wear, the mechanisms responsible for the observed friction and wear reduction has not been fully identified yet. Therefore, we intend to derive some hypotheses regarding the underlying mechanisms for the improved tribological performance.
As already described in the introduction and depicted in Figure 19 , surface textures may contribute to (i) increase the hydrodynamic pressure thus improving the load-carrying capacity (micro-hydrodynamic bearing effect) and reduce the shear-strain rate in the oil over the texture, (ii) draw additional lubricant into the contact area (inlet-suction effect), (iii) store lubricant and supply it to the interface (oil reservoir effect), (iv) trap wear particles (debris trapping effect), and (v) reduce the real contact area thus reducing friction. Furthermore, under boundary and severe mixed lubrication conditions, surface textures may also affect sealing performance and percolation effects.
works have tried to address the effects of multi-scale textures on friction and wear, the mechanisms responsible for the observed friction and wear reduction has not been fully identified yet. Therefore, we intend to derive some hypotheses regarding the underlying mechanisms for the improved tribological performance.
As already described in the introduction and depicted in Figure 19 , surface textures may contribute to (i) increase the hydrodynamic pressure thus improving the load-carrying capacity (micro-hydrodynamic bearing effect) and reduce the shear-strain rate in the oil over the texture, (ii) draw additional lubricant into the contact area (inlet-suction effect), (iii) store lubricant and supply it to the interface (oil reservoir effect), (iv) trap wear particles (debris trapping effect), and (v) reduce the real contact area thus reducing friction. Furthermore, under boundary and severe mixed lubrication conditions, surface textures may also affect sealing performance and percolation effects. All the above-mentioned contributions are well known and accepted for single-scale textures. However, when taking multi-scale surface textures into consideration, it can be expected that a combination of different contributions may be responsible for superior friction and wear behavior. In this context, it is particularly important to simultaneously consider the type of contact (conformal or non-conformal), the operating conditions and the associated lubrication regime for the design of effective surface textures, since different mechanisms and design strategies need to be taken into consideration depending on the respective contact characteristics. Thereby, it must be emphasized that surface textures, which improve the tribological performance for specific conditions such as a certain range of film thicknesses or a specific lubrication regime, are not necessarily beneficial for all operating conditions [55] . It has been shown that beneficial surface textures optimized for a specific lubrication regime may even induce detrimental effects when used in another regime thus increasing friction and/or wear. In this sense, multi-scale surface textures pursue the goal to extend the range of All the above-mentioned contributions are well known and accepted for single-scale textures. However, when taking multi-scale surface textures into consideration, it can be expected that a combination of different contributions may be responsible for superior friction and wear behavior. In this context, it is particularly important to simultaneously consider the type of contact (conformal or non-conformal), the operating conditions and the associated lubrication regime for the design of effective surface textures, since different mechanisms and design strategies need to be taken into consideration depending on the respective contact characteristics. Thereby, it must be emphasized that surface textures, which improve the tribological performance for specific conditions such as a certain range of film thicknesses or a specific lubrication regime, are not necessarily beneficial for all operating conditions [55] . It has been shown that beneficial surface textures optimized for a specific lubrication regime may even induce detrimental effects when used in another regime thus increasing friction and/or wear. In this sense, multi-scale surface textures pursue the goal to extend the range of operations conditions, in which a specific set of surface textures leads to superior tribological performance. This improves the general applicability of surface textures for industrial applications, since many machine elements operate under different lubrication regimes, sometimes even over a single operating cycle, as in piston and piston-ring cylinder liner contacts, connecting-rod bearings, gear meshing, cam-tapped systems among other.
For high-load and low-speed conditions inducing rather small film thicknesses (boundary lubrication), all texture types irrespective of the scale contribute to an improved frictional performance by reducing the real area of contact, supplying additional lubricant to the contact and trapping wear particles (reservoir effect). In this sense, multi-scale surfaces offer the advantage of having a greater surface area covered with textures in which a potentially higher volume of lubricant and wear particles can be stored. However, the combination of low film thickness and small features can also weaken surface integrity due to induced edge effects and stress raisers thus accelerating wear processes. [238, 239] . At intermediate load and speed conditions (mixed lubrication), the lubricant film starts to partially carry the applied load. For these conditions, especially shallow textures with rather low depths tend to increase the hydrodynamic pressure and therefore improve the overall frictional behavior. It has been numerically and experimentally shown that when the structural depth is in the same range as the resulting lubricant film thickness, the greatest effects in terms of an additional pressure build-up can be expected [21, 34, 36, 240] . In this regard, under mixed lubrication conditions, multi-scale surfaces can increase the hydrodynamic pressure due to small texture features and, additionally, offer the advantage to provide a great reservoir volume for lubricant and wear debris. Finally, at high lubricant film thicknesses for which the load is mostly carried by the oil, mainly larger texture features improve the frictional performance by increasing the hydrodynamic pressure (inlet suction mechanism and reducing of oil shear-strain rate) thus reducing the transition speed from mixed to hydrodynamic lubrication [93] . Furthermore, it can be assumed that smaller textures have a negligible effect in this lubrication regime. Hence, while not improving the tribological properties compared to single-scale textures, in this case, multi-scale surfaces can still perform well in this lubrication regime.
Summarizing, it can be stated that multi-scale surfaces can have a synergetic effect when suitably combined thus reducing friction and wear over a broader range of operating conditions. To fully use the advantages of multi-scale surface textures, they must be carefully and properly designed. Under hydrodynamic lubrication, this comprises maximizing the hydrodynamic pressure and/or reduce leakage flow without inducing negative effects due to pronounced cavitation or flow circulation problems inside bigger texture features. For mixed lubrication with a significant solid-solid contact (small film thicknesses), textures should be designed in a way that the advantages of an additional hydrodynamic pressure induced by the shallow features overcompensate potential negative effects induced by pronounced cavitation, flow circulation or edge effects (stress raisers) [21, 241, 242] . Additionally, smaller and more densely distributed textures may also lead to improved wetting behavior and a better lubricant's distribution in the contact zone, which can help to reduce cavitation and flow circulation thus ultimately improving the load-carrying capacity. Nevertheless, it must be stressed that more fundamental studies will be needed to properly evaluate important parameters in multi-scale textures. In this context, it has already been demonstrated that certain geometrical parameters, such as the aspect ratio, the area density, and their ratio to the texture size, determine the tribological behavior of single-scale surface textures. A comprehensive overview of beneficial single-scale texture geometries under different speed and load conditions can be found in the review presented by Gachot et al. [22] . Moreover, the relation between the acting oil thickness and the involved scales (depths) in multi-scale textures needs to be investigated systematically.
Numerical modeling of the tribological behavior of multi-scale textures is considered to be a powerful tool to optimize the design of multi-scale textures since this approach is more time-efficient and less costly thus reducing the well-practiced trial-and-error methodology. However, it should be emphasized that it is always desirable to cross-correlate the obtained numerical results with experimental data to validate and further improve the mathematical models and optimize the overall design process of multi-scale textures. Since cavitation and the lubricant's flow and distribution in the contact zone play an important role, one interesting approach would be to design tribological experiments with multi-scale textured samples allowing the imaging of the contact zone (in-or ex-situ) and/or the measurement of the lubricant film thickness, the fluid flow velocity, and temperature distributions.
Moreover, modeling and simulation should be further integrated into the design process. In this context, the future trends regarding modeling and simulation of surface textures reside on the continuous development and consolidation of virtual simulation tools, which smartly combine:
(i) the modeling approaches previously described to accurately predict the tribological behavior of textured surfaces under different lubrication regimes, (ii) optimization techniques and, potentially, the use of machine learning algorithms to speed-up the determination of optimum texture designs for friction and wear reduction in different applications, (iii) the exploration of nature-inspired multi-scale textures for tribological applications.
The development of this computational surface engineering framework can be structured according to the following aspects:
(1) The effect of surface texture on the global, component-size scale would be determined on the basis of well-posed analytical multi-scale methods. Good candidates are the Patir and Cheng average flow model [151, 152] , the micro-macro method of de Kraker et al. [155, 156] , as well as the homogenization techniques proposed by Almqvist [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] , Scaraggi [189] [190] [191] [192] [193] and the extension of Wassem et at. [197, 198] and Yildiran et al. [199] models to mixed lubrication. (2) Proper calculation of flow factor (or homogenization) tensors using full deterministic simulations.
In this case, an extension of the Hu and Zhu mixed-TEHL model [111, 114, 115, 117, 121, 126] by including mass-conservative cavitation and advanced rheological models for better predictions of the shear flow factor tensors would be a good alternative. Summarizing, numerical methods and experiments should be suitably combined to further push the development and design of multi-scale surfaces to enable lower friction and wear over a broader range of tribological conditions. By doing so, optimized designs such as new texture geometries and multi-scale textures being comprised of features on more than two scales can be tested. Additionally, texturing techniques, which enable the fabrication of multi-scale surfaces should be subject to further investigation. In this context, techniques with many degrees of freedom to create new interesting shapes and efficient techniques, thus paving the way to mass production, are interesting. Gaining more knowledge about the potential tribological effects of multi-scale surface texture combined with the possibility to fabricate more sophisticated texture arrangement can also boost the application side in the future. Having the beneficial effects of multi-scale textures in journal bearings in mind, as outlined in Section 3, it can be imagined that this can be just the beginning of the journey. Multi-scale textures seem to be very promising to improve the friction and wear characteristics in the piston ring cylinder liner contacts. In this regard, textures on different scales could be designed appropriately to enable beneficial frictional properties along the entire stroke irrespective of the sliding velocity. Other machine components, which could significantly benefit from the usage of multi-scale surface textures, are cam followers, rolling element bearings, thrust and sliding bearings among others.
